Strong glutamate immunoreactivity was observed by both light and electron microscopy in bipolar cells of the turtle (Pseudemys scripta elegans) retina after postembedding immunohistochemistry. Virtually all bipolar cells showed strong labeling, on average 18 times that of the Muller (glial) cells. The data suggest that both on-and off-center bipolar cells are glutamatergic. Photoreceptors were also labeled, but with a labeling intensity about half that of the bipolar cells. Other types of retinal neurons showed less immunoreactivity, except for a small population of strongly labeled amacrine cells.
for a small population of strongly labeled amacrine cells.
Bipolar cells carry visual information from the outer to the inner retina and are the first cells along the visual pathway to be divided into separate on-and off-channels. Furthermore, they show a center-surround organization similar to that observed in retinal ganglion cells and other neurons in the visual system (1, 2) . Surprisingly, little is known about the transmitters employed by the bipolar cells. Physiological evidence has indicated that bipolar cells are excitatory to ganglion cells (3) (4) (5) (6) , but firm evidence for the presence of an excitatory transmitter in bipolar cells has not been forthcoming.
Both amacrine and ganglion cells possess receptors specific for the acidic amino acids, and therefore it has been proposed that L-glutamate or a similar excitatory amino acid is a neurotransmitter in bipolar cells (7) (8) (9) (10) (11) . Attempts at localizing endogenous glutamate in the retina have been only partially successful, and at times contradictory, most likely because of the indirect nature of the methods available (12) .
Recently, a technique has been developed to localize glutamate immunohistochemically by applying a purified antibody to etched plastic sections and demonstrating the binding site of the first antibody with a second antibody tagged with small (15-nm) colloidal gold particles (13, 14) . The method gives a good signal-to-noise ratio, and since only a small fraction of the glutamate of the cell is available for detection by the primary antibody (i.e., that at the section surface), the gold particles do not obscure the cytological characteristics of the labeled neurons. We have used this technique to localize glutamate in the turtle retina.
MATERIALS AND METHODS
For light microscopy, small pieces from the posterior pole of light-adapted eyes of the turtle Pseudemys scripta elegans were fixed in 2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 hr at room temperature, dehydrated, and embedded in Durcupan ACM (Fluka). For electron microscopy, small pieces of retina were fixed at room temperature for 90 min with 4% glutaraldehyde, 1% formaldehyde, and 0.2 mM CaCl2 in 0.1 M phosphate buffer (pH 7.4). After washing and postfixation for 1 hr in 1% OS04 in the same buffer, the specimens were dehydrated, embedded in Durcupan ACM, and cured at 520C.
For light microscopy, 0.5-to 1-gm tissue sections were processed according to Somogyi et al. (13, 15) , using the peroxidase-antiperoxidase (PAP) technique (13) (14) (15) (16) . For electron microscopy , a modification (14) of the immunogold procedure of Somogyi and Hodgson (17) was used that employed Janssen AuroProbe 15-nm gold particles coated with goat anti-rabbit antibodies. The antiserum, 13 Glu, was purified by immunoadsorption on three different Sepharose columns, one bearing bovine serum albumin treated with glutaraldehyde and the others bearing the same protein to which glutamine or y-aminobutyrate had been conjugated with glutaraldehyde (14, 18, 19) . The antiserum, which has been characterized (14, 17, 20) , was diluted 1:800 for both light and electron microscopy.
Three kinds of controls were undertaken. First, the tissue was processed as described above, but the primary antibody was omitted from the reaction mixture. As expected, no specific labeling was subsequently observed. Second, the antiserum was absorbed with glutamate (200 AM) that had been treated with glutaraldehyde (19) . This also abolished the labeling. On the other hand, absorbing the antiserum with glutaraldehyde-treated glycine, aspartate, taurine, p-alanine, or glutamine did not appreciably diminish the reaction (19) . Third, various amino acids were added to brain tissue homogenates that had been extensively dialyzed to remove all free amino acids. The resulting mixtures were fixed with glutaraldehyde and embedded in Durcupan (14) . Electron microscopy of this material showed a 95-fold higher density of label when glutamate was added to the homogenates as compared with glutamine and even higher density ratios in comparison with the other substances. This agrees well with previously published data on this antibody; for example, it does not react with glutathione or a number of other small molecules (14) .
The degree of labeling was assessed by counting the number ofgrains in identified cell processes in a large number of electron micrographs. Process area was measured with the aid of a digitizing pad connected to a small computer. Because the grain density with the colloidal gold procedure is low, small processes often showed no or only a few particles. The number of small processes was usually considerable, and statistics based on observed grain densities are therefore quantized and not distributed normally. Conse cell grain density was found to be 3.3 grains per Aum' (a labeling index of 4.1). Only profiles with higher grain densities were considered significantly labeled.
RESULTS
In the light microscope, bipolar cells were the most prominently labeled of all the retinal neurons ( Fig. 1) . Bipolar cell perikarya were found mainly in the middle or outer half of the inner nuclear layer. They were often readily identified by their Landolt club processes (Fig. 1, arrows) , which extend from the dendritic arborization of the bipolar cells to between the photoreceptor inner segments (22, 23) . Many of the bipolar cells also showed an axonal process that typically took a very oblique course through the inner nuclear and inner plexiform layers (Fig. 1, arrowhead) (23) . Numerous strongly immunoreactive profiles were also observed in the inner plexiform layer; many of these were likely to be bipolar cell processes or terminals (see below).
Photoreceptor terminals were also consistently labeled, although they were never as strongly labeled as the bipolar cells. In the electron microscope, the bipolar cells and their processes were the most prominently labeled of any of the retinal elements. Relative to the Muller cells, they had an average labeling index of 18 (Table 1) , and individual bipolar cell processes or terminals had indexes as high as 40-45. Fig.  2a shows a heavily labeled bipolar cell terminal in the inner plexiform layer. This process can be confidently identified as a bipolar cell terminal because of the synaptic ribbon it contains (arrow) (24) . Fig. 2b shows another bipolar cell terminal (B) in the inner plexiform layer, showing a more average labeling density. Gold grains are clearly seen in this terminal (arrowheads), but they are not nearly as numerous as in the terminal shown in Fig. 2a . Furthermore, the label is not evenly distributed throughout the terminal. A Muller cell process (M) ofapproximately the same area as the bipolar cell terminal is also present in this micrograph. It is devoid of gold grains.
All parts of the bipolar cells appeared to be labeled to the same extent. Displaced bipolar cells were observed occasionally lying among the photoreceptor cell perikarya and terminals, and the glutamate immunoreactivity was analyzed in five such cells. The labeling of the displaced bipolar cells could not be distinguished from that of other bipolar cells.
Some bipolar cell processes showed no gold grains or only one or two grains. In most of these cases the bipolar cell profiles were small, and thus these may represent labeled processes in which the label was not distributed evenly and the section passed through an unlabeled region (see Fig. 2b ). However, a few larger bipolar cell processes with no or only a few grains were noted. We cannot exclude, therefore, that there may be a small percentage of bipolar cells with no or very low glutamate immunoreactivity.
The density of labeling in -25O bipolar and Muller cell profiles is shown in Fig. 3 . The average sizes of the bipolar and Muller cell profiles whose grain densities were analyzed for this figure were approximately the same. The figure shows clearly that the two cell types are distinctly different in terms of grain density (median test, P < 0.001). The overwhelming majority of the Muller cell processes had a <4 grains per ,um', whereas the grain density of all but four ofthe bipolar cell profiles was between 4 and 38 grains per 1Xm2. The distribution of grain density in the bipolar cell profiles did not appear Gaussian; indeed the distribution appeared to fit better a bimodal distribution with one peak at about [12] [13] [14] [15] [16] grains per Am2 and the other at about 22-26 grains per Am2.
Photoreceptor terminals were also consistently labeled. Fig. 4 shows a typically labeled cone photoreceptor terminal, identified by its position in the outer plexiform layer, characteristic shape, and long synaptic ribbon. Although the average labeling density in the photoreceptors was about half that of the bipolar cells (Table 1) , it was comparable to that of labeled amacrine cells in the retina. Variation in labeling Labeled amacrine cell processes were observed to contact many different elements in the inner plexiform layer. They were presynaptic to ganglion cell dendrites, pre-and postsynaptic to labeled or unlabeled amacrine cell processes, and pre-and postsynaptic to labeled bipolar cell terminals. (13, 14, 18, 20) . Furthermore, recent studies (29) with the postembedding electron microscopic immunogold method have shown that the grain density over glutamate-glutaraldehyde-brain protein conjugate particles is approximately proportional to the concentration ofglutamate in the conjugate, at least in the higher biologically relevant concentration range. Thus, the relative labeling densities reported here are likely to reflect real differences is endogenous glutamate concentrations.
Slaughter and Miller (30) provided evidence a few years ago that on-center bipolar cells use an excitatory amino acid as their transmitter, and a number of other studies (7-11) have provided indirect evidence that both on-and off-center bipolar cells are likely to employ an excitatory amino acid as a neurotransmitter. The present study provides direct evidence for high levels of glutamate in bipolar cells and their terminals. It is of particular relevance that the glutamate concentration is high in the bipolar terminals, as is expected of a substance used as a neurotransmitter by a neuron.
There are two main functional types of bipolar cells, on-center cells and off-center cells, and they appear to be present in roughly equal numbers in many retinas (1) . Because there can be at most only a very small minority, if any, of the bipolar cells in turtle that are not glutamate immunoreactive, we conclude that both on-and off-center cells contain L-glutamate and are likely to be glutamatergic. It has been shown that some bipolar cells in certain retinas contain serotonin (31-34) as well as immunoreactive glycine and y-aminobutyrate (35, 36) . It is uncertain what the significance of these observations may be, but it seems possible that bipolar cells, like many neurons in the brain, may contain more than one neuroactive substance.
The finding that all photoreceptor cell terminals in the turtle retina show glutamate immunoreactivity is not surprising, because there is now extensive evidence that photoreceptors in many vertebrates use L-glutamate as their neurotransmitter (37) (38) (39) . Why the labeling of the bipolar cells and terminals was significantly greater than that of the photoreceptor terminals is not clear. It may be that the glutamate content of a cell or terminal relates in some way to its physiology. For example, it is known that photoreceptor cells release transmitter in the dark, whereas on-center bipolar cells appear to release transmitter only in the light.
The majority of amacrine cells in all retinas contain y-aminobutyrate or glycine, and amacrine cells are generally regarded as inhibitory (40) . However, there is compelling evidence that some amacrine cells are excitatory (41) . The present results suggest that at least some ofthe amacrine cells in the turtle retina are glutamatergic. The input into bipolar cells from amacrine cells is often at reciprocal synapses, and the transmitter of the amacrine process at such junctions is presumed to be inhibitory. In agreement with this, no labeled amacrine process was seen to make a reciprocal synapse with a bipolar cell. However, the observation of glutamateimmunoreactive amacrine cell processes making synapses onto bipolar cell terminals, other amacrine cell processes, and ganglion cell dendrites suggests there may be excitatory glutamatergic input by amacrine cells onto all of these elements.
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